We report a comprehensive experimental and theoretical study of the structural and vibrational properties of α-CdIn 2 Se 4 under compression. Angle-dispersive synchrotron x-ray diffraction and Raman spectroscopy evidence that this ordered-vacancy compound with pseudocubic structure undergoes a phase transition (7 GPa) towards a disordered rocksalt structure as observed in many other ordered-vacancy compounds. The equation of state and the pressure dependence of the Raman-active modes of this semiconductor have been determined and compared both to ab initio total-energy and lattice dynamics calculations and to related compounds. Interestingly, on decreasing pressure, at ~ 2 GPa, CdIn 2 Se 4 transforms into a spinel structure which, according to calculations, is energetically competitive with the initial pseudocubic phase. The phase behaviour of this compound under compression and the structural and compressibility trends in AB 2 Se 4 selenides are discussed.
INTRODUCTION
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derived from the zincblende (ZB) structure whose behaviour locates them as a bridge between crystal and impurity physics 1 . In these OVCs, only three quarters of the ZB cation sites are filled leaving one vacant site per formula unit. This stoichiometric atomic-vacancy arrangement leads to tetragonal structures instead of cubic ones that provide to these compounds interesting optical and structural properties such as nonlinear-optic characteristics and order-disorder transitions [1] [2] [3] .
Particularly, studies of structural transformations of these semiconductors at high-pressure (HP)
conditions have received increasing attention in the last years , leading to systematics in compressibility and pressure -composition phase boundaries. It has been found that these CdIn 2 Se 4 is an OVC whose structural and vibrational properties have been thoroughly studied at ambient conditions. X-ray diffraction (XRD) measurements have evidenced that CdIn 2 Se 4 shows structural polytypism as its tetragonal cell has been reported with at least three different c/a values of 1, 2 and 4, which correspond to the α, β and γ phases, respectively 1, [35] [36] [37] [38] .
The different modifications can be obtained depending upon transport conditions during the crystal growth 36 . The common α phase crystallizes in a tetragonal pseudocubic (PS) structure; therefore, α-CdIn 2 Se 4 will be hereon noted as PS-CdIn 2 Se 4 . The structures of the β and γ phases are still unknown despite a structure similar to the DC phase has been proposed for the β phase 38 .
On the other hand, the vibrational properties of PS-CdIn 2 Se 4 at ambient conditions have been studied by means of Raman scattering and Infrared spectroscopy and many similarities with the vibrational modes of the ZB structure have been found [39] [40] [41] [42] .
The structural relationship between the ZB (Fig. 1a) and PS ( Fig. 1b) can be easily illustrated using a simple Bärnighausen-tree 43 (see The phase behaviour of PS-CdIn 2 Se 4 under compression was studied at high temperatures and a phase transition to the spinel structure was found above 1 GPa for temperatures higher than 380ºC 44, 45 ; an observation which seems to be in agreement with available theoretical ab initio calculations 46 . However, the pressure dependence of the structural and vibrational properties of PS-CdIn 2 Se 4 have not been addressed yet, except for some theoretical aspects recently reported 34 . The present work is devoted to the investigation of the structural and vibrational behaviour of this OVC under high pressure at room temperature. Tuning the thermodynamic variable pressure, we envisage to transform the initial ordered PS phase into a disordered cationic structure, which could be recovered at ambient conditions after compression, as observed in some previous studies on OVC materials 9, [15] [16] [17] [18] 23 . In situ angle-dispersive XRD and
Raman measurements were performed up to 17 GPa and downstroke to ambient conditions. Our experimental results are compared to ab initio total energy calculations. We will also present a comparative analysis on the light of previous structural studies of OVCs under pressure, which will show polymorphism and compressibility trends depending on composition and pressure.
EXPERIMENTAL DETAILS
Stoichiometric single crystals of PS-CdIn 2 Se 4 were grown by chemical vapor transport method using iodine as a transport agent 47 . A quartz ampoule was loaded with cadmium, indium and selenium in stoichiometric ratio together with 5 mg/cm 3 iodine. The ampoules were evacuated to 10 -5 torr, sealed off, and placed in a horizontal double-zone furnace with source temperature of 720°C and deposition temperature of 670°C. The growth process lasted 100
hours. Chemical and structural analyses showed the stoichiometric composition of the crystals and no spurious phases were observed. Ambient pressure XRD and Raman scattering measurements confirmed that our sample has the previously reported pseudocubic P-42m structure.
Angle-dispersive powder HP-XRD measurements at room temperature were performed up to 15 GPa at beamline BL04-MSPD of the Spanish ALBA synchrotron light source 48 using a monochromatic beam (λ = 0.4246 Å) with a beam diameter of 20 µm full-width at half maximum. XRD images were collected using a MARCCD detector located at 230 mm away from the sample and then integrated and corrected for distortions using FIT2D 49 
COMPUTATIONAL DETAILS
Ab initio total-energy calculations on the initial pseudocubic P-42m and the spinel (S.G. Fd3m, No. 227, Z=8) structures were performed within the density functional theory (DFT) 57 using the plane-wave method and the pseudopotential theory with the Vienna ab initio simulation package (VASP) [58] [59] [60] [61] . The projector-augmented wave scheme 62, 63 implemented in this package was used to take into account the full nodal character of the all-electron charge density in the core region. Basis sets including plane waves up to an energy cutoff of 370 eV were used to achieve highly converged results and an accurate description of the electronic properties. The exchange-correlation energy was taken in the generalized gradient approximation (GGA) with the PBEsol exchange-correlation prescription 64 . A dense special k-points sampling ( (8, 8, 8) mesh) for the Brillouin zone integration was selected in order to obtain very well-converged energies and forces. At each selected volume, the structures were fully relaxed to their equilibrium configuration through the calculation of the forces and the stress tensor. In the relaxed equilibrium configuration, the forces on the atoms were found to be smaller than 0.004 eV/Å and the deviation of the stress tensor from a diagonal hydrostatic form was found to be smaller than 1-2 kbar.
The DFT method allows obtaining a set of energy and volume data for a selected structure.
Pressure, like other energy derivatives, is obtained at the same time from the stress tensor 65 .
From the values of energy, volume, and pressure, the enthalpy of each structure was calculated to determine the most stable phase among those considered at each pressure and zero temperature (zero-point motion effects were not included). Using the enthalpy difference taking as a reference the low-pressure phase, one can obtain the theoretical phase transition pressure. were calculated using a lower symmetry structure (S.G. Imma, No. 74, Z=4), which allows leaving vacant ¼ of the cationic positions, while the remaining ¾ fraction is occupied (see the lattice parameters and atomic coordinates used for describing the DR structure in Table I ). The definition DR structure with a Imma structure can be derived by group-subgroup relationships in Table I ).
Lattice-dynamics calculations of phonon modes were performed at the zone centre (Γ point) of the Brillouin zone. Highly converged results on forces are required for the calculation of the dynamical matrix using the direct force constant approach (or supercell method) 67 . The construction of the dynamical matrix at the Γ point of the Brillouin zone involves separate calculations of the forces in which a fixed displacement from the equilibrium configuration of the atoms within the primitive cell is considered. The number of such independent displacements in the analyzed structures is reduced due to the crystal symmetry. Diagonalization of the dynamical matrix provides the frequencies of the normal modes. Moreover, these calculations provide information about the symmetry of the modes and their polarization vectors and allow us to identify the irreducible representations and the character of the phonon modes at the Γ point.
In order to include the LO-TO splitting in our study, we use a supercell to add the effect of the electric field, which is not directly taken into account by the force-constant direct method.
To obtain the LO-TO splitting we have to add these effects, because these term is non-analytical at the Γ point, which depends on the Born effective charge tensors and the electronic dielectric constant. Thus, the pure B and E modes with TO and LO splitting can be calculated. Upon further compression, the peaks of the low-pressure phase disappear completely at 8.7
RESULTS
A. CRYSTAL STRUCTURE UNDER COMPRESSION
GPa. At this pressure, XRD peaks can be indexed with a cubic unit-cell with lattice constant: a = 5.362(16) Å; thus accounting for an approximated volume collapse of ~ 8.7% at the phase transition. This HP phase is stable up to the maximum pressure reached in this study (15 GPa) .
The intensities of the Bragg peaks are in good agreement with a DR structure (see Fig. 1c ),
where the vacant, the Cd atom and the two In atoms per unit-cell are randomly distributed within a fcc net which is interwoven with a fcc Se lattice (all atoms are octahedrally coordinated). As a consequence of the disorder caused by the phase transition and the vicinity of the loss of the quasi-hydrostatic conditions at a pressure of 8.7 GPa, the Bragg maxima of this phase are significantly broader than those of the low-pressure phase. The calculated profile for the DR phase after Rietveld refinement is shown in Fig. 3 . The PS-to-DR transition was expected in CdIn 2 Se 4 because a similar structural sequence from a tetrahedrally-coordinated tetragonal phase to an octahedrally-coordinated cubic phase has been reported for many OVCs under compression, indicating that an order-disorder process occurs when pressure is applied to AB 2 X 4 chalcogenides 9, [16] [17] [18] 23, 29, 30 . The DR phase is stable during decompression down to ~2.7 GPa.
Below this pressure, new broad peaks appear in the XRD patterns (see Fig. 3 ). According to the position of the new XRD peaks, the retrieved structure could correspond to the spinel phase, which was experimentally observed in CdIn 2 Se 4 and other OVCs after a HP/high-temperature treatment 44, 45 . Additionally, it must be stressed that the spinel phase has been metastably found on decompression from the DR phase in CdAl 2 S 4 in a very recent HP study at ambient temperature near 1 atm 31 . Note that the relative intensity of the new peaks increases as pressure gradually decreases, showing a coexistence region of DR and spinel phases between 2 and 0.3
GPa. Since both phases are cubic phases and some peaks overlap, we have no certainty of a complete transformation to the spinel structure at 1 atm. However, intensities of the XRD peaks which correspond to the recovered sample (see top of XRD measurements carried out in this static compression study only show the existence of the spinel structure below 2.7 GPa in the decompression process, after the sample had previously transformed into the DR structure and had increased the coordination number of the metallic atoms from 4 in the initial PS phase to 6. Therefore, the relocation of cations into tetrahedral voids seems to be favoured once all of them have achieved the six-fold coordination. This fact makes sense since the DR structure can be described in the same space group as the spinel (see Computational details Section) and the phase transition could consist of a progressive displacement of the Cd atoms in octahedral sites to tetrahedral sites. This migration would correspond to a displacement of ~2 Å along the diagonal of the Fd-3m cube 66 . Thus, XRD data points between 2 GPa and 0.3 GPa in downstroke (see Table II . A good agreement is found between the experimental values and those obtained from ab initio calculations. We note that B 0 = 41.1 (9) GPa obtained experimentally for PS-CdIn 2 Se 4 is also similar to that obtained for other OVCs (see Table III respectively. Finally, we must note that our calculated data are more consistent that those reported by Marinelli et al. 46 for the PS and spinel structures (see Table II 
B. LATTICE DYNAMICS UNDER COMPRESSION
According to group theory 72 , the pseudocubic structure of CdIn 2 Se 4 has 21 normal vibrational modes at the centre of the Brillouin zone with the mechanical representation given by:
where R means Raman active, IR infrared active and IA optically inactive (silent mode). The B 2 and E are polar modes, with E modes being doubly degenerated, and three modes (B 2 + E) are acoustic ones. Additionally, two modes should be observed for each B 2 and E modes, due to the 14 transversal-longitudinal optic (TO-LO) splitting of the polar modes. Consequently, taking into account the TO-LO splitting, up to 19 Raman-active modes and 13 IR-active modes could be observed in the PS phase. OVCs, mainly into two regions: (i) the low-frequency region below 120 cm -1 , and (ii) the high- OVCs. In the high-frequency region above 200 cm -1 , the vibrations involve only In and Se atoms, thus suggesting that these vibrations are In-Se bond stretching and bond bending modes of the tetrahedron formed by Se anions and In cations. The study of the atomic vibrations was further corroborated with J-ICE software 73 , which allows one to get images of the atoms participating in the different vibrational modes. This contrasts with the result found with HP-XRD measurements where a spinel-type phase is found in coexistence with the DR structure after releasing pressure at 1 atm. At present, the cause for this discrepancy is unknown since XRD measurements have been performed with powder samples and Raman scattering measurements have been performed both with single crystal and powder samples. Besides, Raman measurements have been performed in samples moderately heated near ambient pressure with the excitation laser. In none of these cases we were able to detect any signal that could be attributed to the spinel phase. The only possibility to match XRD and Raman results on downstroke is to consider that the spinel phase is not well crystallized and it displays a very weak Raman signal that it cannot be detected despite part of the sample is already in the spinel phase. In this respect, we have to stress that rather broad Raman signal corresponding of the spinel phase was recently reported for CdAl 2 S 4 31 . In fact, the experimental frequencies and pressure coefficients of this phase do not fit perfect with theoretical results likely due to the bad crystallization of the spinel phase on decreasing pressure from the DR phase. Note that the DR-to-spinel phase transition is a disorder-to-order transition and so perfect recovery of the spinel phase is unlikely unless some thermal energy is provided to the system.
The Raman spectrum of PS-CdIn 2 Se 4 at ambient pressure is characterized by two strong modes: i) the A 1 1 mode near 140 cm -1 , which corresponds to the symmetric stretching of vacancy-Se tetrahedra and known as the breathing mode of the vacancy, and ii) the highest frequency mode near 230 cm -1 with mixed B 2 and E character (see Table IV and Fig. 7(b) ) 41, 42 .
It must be stressed that there is a correlation between the phonons of the DS and PS phases. The only difference between the vibrational modes of both phases is the presence of a Raman-active B 1 mode (contributed by atoms in 4d Wyckoff sites) in the DS structure which becomes a Raman-inactive A 2 mode (contributed by atoms in 2f Wyckoff sites) in the PS structure 72 . In particular, we have found that the typical A 2 mode, which is present in the Raman spectrum of the DC structure of OVCs 26, 27 , has A 2 symmetry (which is inactive) in the DS and PS structures and therefore it is absent in the Raman spectrum of these two phases 26, 27 so its appearance or disappearance in several OVCs has been claimed in many cases as a signature of a phase transition 22, 27, 28 .
We have followed experimentally the pressure dependence of 8 Raman modes of PS- and their significance has been previously discussed 28, 31 . Table IV ). A comparison with previous works [39] [40] [41] [42] evidences that our symmetry assignment of Raman-active modes is more consistent because it is based on the pressure dependence of the frequency of the different modes and on the comparison of our frequencies and pressure coefficients to theoretical calculations while previous works could barely distinguish between different symmetries because of the lack of sensitivity to polarization of indium based compounds 41, 42 . Our symmetry assignments agree with those of previous works only for the strongest modes; i.e., the vacancy breathing mode A 1 near 140 cm -1 and the mode of highest frequency, which is usually attributed in the literature to a mixture of bands with E 5 (LO) and B 2 3 (LO) character [39] [40] [41] [42] . The main difference of our work with respect to previous works is that we have observed that this last mode exhibits a double structure with very different pressure coefficients; thus, we have attributed one of the components to the E 5 (LO) mode and another to the B 2 3 (LO) mode. However, since our Raman measurements are not polarized and the bands corresponding to TO modes have not been observed, we cannot discard a mixture of E
5
(TO+LO) and a mixture of B 2 3 (TO+LO) in these high-frequency modes since they are broad modes and the calculated TO-LO splitting is only around 10 cm -1 in both cases.
As regards other Raman modes, the double structure below 200 cm -1 at 1 atm exhibits a pressure dependence that can be better modelled with three bands which have been attributed to the E 3 (TO+LO), E 4 (TO) and A 1 2 + B 1 modes. Our calculations show that three of these four modes are almost degenerate in frequency but show different pressure coefficients that we have used to distinguish between them. Finally, Raman modes at lower frequencies can be clearly assigned because of the close matching between the frequencies and pressure coefficients between our measurements and calculations.
C. STRUCTURAL FIRST-PRINCIPLES CALCULATIONS UNDER COMPRESSION
Total-energy (E) calculations as a function of volume (V) were performed for the PS, DR and spinel structures of CdIn 2 Se 4 . Calculated structural parameters are in good agreement with experimental values (hereafter in parentheses for the sake of comparison), as shown in Fig. 4 and Table II . From the enthalpy-pressure curves performed using GGA-PBEsol prescription (see Fig. 8 ), several important features can be inferred (i) Our calculations at T=0 K show that at ambient pressure the spinel phase is more stable than the PS phase. These results contrast with those of Marinelli et al., who used the local density approximation (LDA), and found the PS phase to be more stable than the spinel phase at ambient conditions 46 . This difference is understood by the underestimation (overestimation) of the volumes with respect to the experimental results when using LDA (GGA). In the case of GGA-PBEsol, there is a very slight underestimation of the volume so that the calculations yield a more stable the spinel phase than the PS phase. Since all these calculations are performed at T=0 K, we can state that the PS and spinel structures at 1 atm differ only a few meV in energy and, therefore, they are energetically competitive within error margins. In this regard, it is important to highlight that the equilibrium PS molar volume is 6.5 (7.2)% larger than that of the spinel. A similar result was found in Ref. 46 . These theoretical results, together with experimental observations, provide evidence of a complex energy landscape for CdIn 2 Se 4 with two similar-depth local minima for spinel and PS structures and show that static compression could be used as a tool for overcoming activation barriers and obtaining novel stable polymorphs.
(ii) Upon compression, theoretical calculations confirm a phase transition to a DR phase which is simulated by a Imma (S.G. 74) structure. Both the PS and spinel structures would transform into this HP phase at 4.9 GPa and 7.3 GPa, respectively, in relatively good agreement with experimental data, where the phase transition occurs at 7 GPa. This structural rearrangement implies a volume collapse of 9.5 (8.6)% and 7.3 (4.5)% respect to the PS and spinel phases, respectively.
We want to highlight that the phase diagram of CdIn 2 Se 4 below 4 GPa and 600 °C was previously determined by Range 45 . No structural transformation was reported below 360°C in good agreement with our data, and attributed it to kinetic hindrance. The spinel structure was found after quenching the CdIn 2 Se 4 sample from 1 GPa and 380 °C. At similar pressures and temperatures above 500 °C the spinel transforms into a DR-type structure. It is interesting to remark that the same structural sequence is observed at moderate pressures (P = 1-2 GPa) by increasing temperature 45 and at ambient temperature by a largest increase of pressure (P> 7 GPa)
as shown in this work. ii) The compression of its bond distances is similar to that of other selenide OVCs like HgGa 2 Se 4 .
iii) Its Raman spectrum is different from that of other OVCs with DC or DS structure but the vibrations show considerable similarities, especially with the DS structure.
iv) It undergoes a pressure-induced phase transition towards a DR structure above 7 GPa as many of the AB 2 X 4 OVCs, but it undergoes a phase transition towards the spinel structure on decreasing pressure unlike many OVCs and similarly to CdAl 2 S 4 .
v) It suffers a pressure-induced decomposition at pressures close to the PS to DR phase transition pressure under strong laser heating. This is likely due to the decrease of the bandgap at high pressures which leads to major absorption of the laser radiation resulting in a sample decomposition as evidenced by the observation of trigonal Se in a similar way as recently found in HgGa 2 Se 4 and other binary chalcogenides (see Supplementary material). Therefore, our work points to the need of extremely careful Raman measurements at low excitation conditions when studying chalcogenide materials at high pressures.
We hope the present work will foster new high-pressure studies of OVCs with spinel structure in order to establish a closer relationship between these two types of structures in AB 2 X 4 compounds.
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